Environmental conditions and physical constraints both influence an animal's behavior. We investigate whether behavioral variation among colonies of the black harvester ant, Messor andrei, remains consistent across foraging and disturbance situations and ask whether consistent colony behavior is affected by nest site and weather. We examined variation among colonies in responsiveness to food baits and to disturbance, measured as a change in numbers of active ants, and in the speed with which colonies retrieved food and removed debris. Colonies differed consistently, across foraging and disturbance situations, in both responsiveness and speed. Increased activity in response to food was associated with a smaller decrease in response to alarm. Speed of retrieving food was correlated with speed of removing debris. In all colonies, speed was greater in dry conditions, reducing the amount of time ants spent outside the nest. While a colony occupied a certain nest site, its responsiveness was consistent in both foraging and disturbance situations, suggesting that nest structure influences colony personality.
INTRODUCTION

B
ehavior changes in response to environmental conditions such as weather (Azcarate et al. 2007 ), predator abundance (Briffa et al. 2008) , food abundance (Johnson et al. 2001) , and interactions with other animals . Differences among individuals in physiological constraints (Stamps 2007) , (Koolhaas et al. 2010) , environmental tolerance (Biro et al. 2010; , and genetic processes (van Oers and Mueller 2010) lead to consistent individual differences in behavior. The characteristics of an individual's behavior that consistently distinguish that individual from others have been called ''personality'' (Wilson et al. 1994; Gosling 2001) , a ''behavioral syndrome'' (Sih, Bell, Johnson, and Ziemba 2004) , or ''temperament'' (Reale et al. 2007) .
Consistent individual differences in behavior include behavioral plasticity. Individuals may vary in how they adjust to changes in the environment (Dingemanse et al. 2010) , which is why it is important to investigate animal personalities in natural environments (Reale et al. 2007; Archard and Braithwaite 2010) . Animals change personality in the course of their development (Bell and Stamps 2004; Magnhagen and Staffan 2005; Muller et al. 2010; Hoset et al. 2011) or in response to environmental changes (Biro et al. 2010; , which is referred to as ''episodic personality'' (Pronk et al. 2010) . For example, individual coral reef fish differ consistently in both activity and aggression across a range of temperatures (Biro et al. 2010) . Here, we examine how harvester ant colonies respond to changing environmental conditions, and whether differences among colonies in behavior remain consistent across situations.
Social insect colonies exhibit consistent individual differences in behavior and respond to changing environmental conditions. The behavior of a social insect colony emerges from the actions of the individual workers, but a colony is the reproductive unit, so selection acts at the colony level. As a result, differences among colonies in behavior may lead to variation in fitness . Colonies adjust their behavior to changing conditions, for example, harvester ant colonies adjust foraging activity in response to weather (Gordon 1991; Brown and Gordon 2000; Azcarate et al. 2007; Cole et al. 2010) . Colonies differ in the speed with which they respond to various environmental conditions (Leonard and Herbers 1986) . Colonies whose ants move rapidly find food quickly (Pearce-Duvet et al. 2011) , and rapid movement may reduce the risk of losing ants due to desiccation (Feener and Lighton 1991) or predation, thus promoting colony survival. Rapid detection and exploitation of a resource can be important in competitive interactions among colonies and among species (Gordon 1984; Hölldobler and Wilson 1990; Jones and Phillips 1990; Gordon and Kulig 1996; Davidson 1998) .
A colony's nest morphology affects how it responds to the environment (Tofts 1993; Franks and Tofts 1994) and how workers interact with one another (Pinter-Wollman et al. 2011) . For example, brood care (Sendova- Franks and Franks 1995; Powell and Tschinkel 1999; Jandt and Dornhaus 2009) and foraging (Powell and Tschinkel 1999; Mailleux et al. 2011) are affected by the spatial organization of workers inside the nest. Nest structure varies among colonies (Smallwood 1982; Tschinkel 2004) . Just as differences among animals in morphological features may lead to consistent individual differences in behavior Sih, Bell, Johnson, and Ziemba 2004; Gyuris et al. 2011) , colony nest structure may produce consistent differences in behavior. Here, we examine how colony differences in behavior can be predicted by nest site.
We investigated colony differences in the behavior of the black harvester ant, Messor andrei, in foraging and disturbance situations and under changing environmental conditions. Messor andrei ants forage for seeds from April to October (Brown 1999a; Brown and Gordon 2000) in weather conditions that range in temperature from 6 to 38°C and in humidity from 16% to 100%. Colonies move among nest sites up to 10 times a year to increase the distance from neighboring colonies (Brown 1999a) , allowing us to examine how nest site influences a colony's behavior. We examined variation among colonies in responsiveness, which we measured as the increase in activity in response to food and the decrease in activity on the nest mound in response to alarm stimulus. We also examined variation among colonies in the speed with which they retrieved food and removed debris. We considered the effects of changes in dew point and nest site on colony responsiveness and speed. We ask whether 1) the responsiveness and speed of M. andrei vary among colonies and among trials in both foraging and disturbance situations; 2) the behavior of colonies is correlated in foraging and disturbance situations; 3) colonies adjust their responsiveness and speed to weather changes; and 4) while a colony occupies a certain nest site, its responsiveness and speed are consistent across foraging and disturbance situations.
MATERIALS AND METHODS
Study site
The research was conducted at a 1-ha site in serpentine grassland at Jasper Ridge Biological Preserve, Stanford University, CA (122°12W, 36°25N). In April 2010, we conducted 1 m-wide transects throughout the hectare to locate all M. andrei colonies on the site. We located 24 colonies and tagged them using distinctive color-coded bamboo sticks. Behavioral observations were conducted in the spring (April 30th-June 19th, 2010) and fall (September 6th-October 12th, 2010). We monitored the location of all colonies twice weekly from April to October, using the methods of Brown (1999a) . An M. andrei colony moves at most twice a month among nest sites (Brown 1999a) . Because adjacent colonies rarely moved simultaneously and all colonies in the study plot were tagged, we were able to determine the identity of each colony that moved even when the move itself was not observed. All 24 colonies were observed in the spring 2010 observation period. Only 18 were observed in the fall 2010 observation period because 4 colonies moved outside the study site between June and September and an additional 2 adjacent colonies moved simultaneously so their identity could not be reliably determined.
Behavioral observations
We used experimental stimuli to examine colony differences in response to foraging and disturbance situations. To measure a change in colony activity, that is, responsiveness, we presented food bait and a disturbance, blowing air into the nest, the response to which is referred to as alarm hereafter. To measure how quickly colonies move objects, we presented seeds, which were brought into the nest, and toothpicks, which were removed as debris. A diagram of the experimental setup is in Supplementary Figure S1 .
Responsiveness
We counted the number of ants on the nest mound before and after presenting a stimulus. The nest mound, which varied in size among colonies, was defined as the area around the nest entrance that was covered by seed chaff, mound areas ranged from 0.1 to 1 m 2 . We defined responsiveness as the difference in the number of ants on the nest mound before and after the presentation of a stimulus. The mean number of ants on the mound before a stimulus was presented was 57 ants. Food bait. To measure changes in activity in response to food, we placed a piece of about 1 cm 3 of apple on the nest mound, 15-20 cm from the nest entrance and from all existing foraging trails. We counted the numbers of ants on the nest mound before placing the piece of apple on the mound and the numbers of ants on the mound and on the piece of apple 20 min later. Preliminary observations indicated that the number of ants on the apple tended to remain about the same 10-15 min after the apple was placed on the nest mound.
Alarm. To measure changes in activity in response to a disturbance, we blew air 3 times, for 3 s each, at intervals of about 5 min, into the nest entrance using a plastic tube wrapped with mesh. The mesh-covered tube was then left at the nest entrance for 20 s to allow attacking ants to climb and latch on it. Attacking ants did not go on the nest mound but merely climbed the tube. In the interval between bouts of blowing into the nest, the ants that had climbed on the mesh were removed and placed into a plastic box to simulate removal of ants by a predator. Natural predators of M. andrei include spiders, assassin bugs (Brown M, personal communication) , wasps, and army ants, which spend from 20 min and up to 2 days at a nest (Pinter-Wollman N, personal observation). We counted the number of ants on the mound before and after the 16-20 min it took to induce the alarm response. Air was blown into the nest by a single observer who always ate the same breakfast. The tube was cleaned with ethanol after each trial.
Speed
We measured how quickly (centimeters per minute) colonies brought seeds to the nest or removed debris that obstructed the nest entrance and could disrupt the movement of foragers in and out of the nest. During speed trials, we counted the number of ants on the nest mound before and after each trial (as described above for responsiveness) to determine whether speed trials also elicited recruitment of ants from the nest.
Seed retrieval. To measure colony speed, we measured the speed of seed retrieval (Azcarate et al. 2007 ). We placed a pod of French broom (Genista monspessulana), of average length 2cm, on an active foraging trail 30-70 cm from the nest entrance. The seedpod spanned the width of the active foraging trail (see Supplementary Figure S1 ), ensuring that any forager walking on the trail would encounter it. French broom is a nonnative plant that is not found in serpentine grassland, so all colonies were equally unfamiliar with this plant. We measured the distance of the pod from its starting position every minute for 20 min. The speed of seedpod retrieval, distance moved (cm) per time unit (min), was calculated from the minute the ants started moving the seedpod until either they brought it to the nest entrance or 20 min had elapsed. There was no relationship between the speed at which seedpods were retrieved and the distance from the nest entrance at which they were placed (Pearson's correlation: R 2 = 0.03, P value = 0.09). Debris removal. To determine how quickly colonies removed debris that obstructed the nest entrance, we placed 6 toothpicks, 3 cm long, at the nest entrance (as in Gordon 1989a ). This number of toothpicks was chosen to ensure that the nest entrance was sufficiently obstructed, and ants would respond to the stimulus. The distance of each toothpick from the nest entrance was measured every 2 min for 20 min. The speed of debris removal, distance moved (centimeters) per time unit (minutes), was calculated from the minute ants started moving the toothpick until they abandoned it on the nest mound or until 20 min had elapsed. Speeds for moving the 6 toothpicks in each trial were averaged.
To examine how colony behavior responded to changes in dew point, an absolute measure of humidity, we conducted 3 trials for each of 24 colonies in the spring observation period (April-June) and 3 trials for each of 18 colonies in the fall (September-October). During each trial, a colony was presented with one stimulus a day at intervals of 1-3 days. By the end of each trial, all colonies had been presented with each of the 4 stimuli. Each trial lasted 14 days in the spring for the 24 colonies observed and 10 days in the fall for the 18 colonies observed. Within each spring or fall observation period, 2-3 days elapsed between trials. To control for sequence effects, the stimuli were presented in a randomized order using a Latin square design (Sokal and Rohlf 1995) . On each day at least 4 colonies were tested so that each stimulus was presented every day and each colony was assigned to one of 6 possible orders in which stimuli were presented. There was no significant effect of presentation order on response to the 4 stimuli, determined by using an analysis of variance (ANOVA) test. A diagram of the experimental timeline is in Supplementary Figure S2 .
Nest site
Nest relocations occurred throughout the spring, summer, and fall. A given colony occupied from 1 to 6 unique nest sites and moved up to 8 times during the 6 months of the study and up to 3 times during the spring or fall observation period. From April to October, the 24 colonies occupied 64 unique nest sites. Only 2 sites were ever occupied by 2 different colonies in the course of our study. However, these sites were not occupied for long enough to allow us to gather sufficient data on their behavior to conduct further comparison.
Statistical analysis
To determine variation among colonies in behavior, and whether behavior was consistent over time, that is, whether there were differences among trials and among days, we used a nested ANOVA. The dependent variable was one of the 4 behavioral measures: responsiveness to food bait, responsiveness to alarm, speed of moving a seedpod, or speed of moving toothpicks. The independent variables were colony, trial, and day nested within trial, all treated as fixed categorical factors (Sokal and Rohlf 1995) .
To test whether, within each trial, response to food bait was correlated with response to alarm and whether speed of retrieving a seedpod was correlated with speed of removing toothpicks, we used Pearson's correlation test.
To examine how behavioral variation among trials could be explained by changes in the weather, we used Pearson's correlation to test whether the behavioral response to each of the 4 stimuli was correlated with temperature, dew point, or relative humidity. To investigate how a colony's consistent response to the experimental stimuli was affected by weather, we used a principal component analysis to create a linear combination of responsiveness and of speed. The higher the values of the component combining responsiveness to food bait and responsiveness to alarm, the more ants recruited to food bait and the fewer ants came out of the nest in response to alarm. The higher the values of the component combining speed of moving toothpicks and speed of moving seed pods, the more rapidly the colony moved the objects. To test whether speed or responsiveness was correlated with dew point, we used Pearson's correlation. To examine if weather varied more among or within trials, we used an ANOVA.
To examine whether colony behavior was consistent while occupying a certain nest site, we first averaged the behavioral responses of each colony to a certain stimulus over all the trials in which it occupied a certain nest site. Then, to test whether within each nest site, response to food bait is correlated with response to alarm, and speed of retrieving a seed pod is correlated with speed of removing toothpicks, we used Pearson's correlation test. We removed 2 observations of 1 colony for responsiveness and 4 observations of 2 other colonies for speed because the colonies moved before both stimuli were presented at the same nest site. Some colonies moved back and forth between nest sites, so averaging the data by nest site sometimes included nonconsecutive trials. We tested whether the number of ants on the mound changed in response to each of the 4 stimuli using a Z-test. To examine whether variation in colony behavior was greater among or within nest sites, we used an ANOVA. The dependent variable was 1 of the 4 behavioral measures: responsiveness to food bait, responsiveness to alarm, speed of moving a seedpod, or speed of moving toothpicks. The independent variable was nest site, treated as a fixed categorical factor.
To meet the normality assumptions of all statistical tests used, both measures of speed, moving a seedpod and moving toothpicks, were normalized using a logarithmic transformation after adding 0.5 to include colonies that did not respond to our stimuli (Sokal and Rohlf 1995) . Data for one colony were removed from the analysis of response to alarm and from any analyses that required a comparison with response to alarm because the counts of ants on the nest mound at the start of 2 of its alarm response observations were not reliable. Statistical analyses were carried out in R version 2.11.1. (Figure 1 ). There was a significant effect of colony (Table 1) , for response to food bait, response to alarm, and the speed of removing toothpicks. The behavior of all colonies was not consistent among trials (Figure 1 and Table 1 ) but was consistent among days within a trial (Table 1) . The nested ANOVA, including colony, trial, and day nested within trial explained most of the variation among colonies in responsiveness to food bait and speed of moving toothpicks (Table 1 ). The overall model approached significance for the response to alarm but was not a good fit to the speed of moving a seedpod, possibly due to other factors that were not measured or due to low variation in speed of moving a seedpod.
RESULTS
Colonies differed in their response to the 4 stimuli
All colonies responded consistently across foraging and disturbance situations (Figures 1 and 2) . Within each trial, there was a significant correlation between the response to alarm and response to food bait (Pearson's correlation: R = 0.28, P value = 0.002; Figures 1A,B and 2A ) and between the speed of moving toothpicks and speed of moving a seedpod (Pearson's correlation: R = 0.18, P value = 0.03; Figures 1C,D and 2B ).
All colonies responded to dew point, the temperature at which water vapor condenses into water, which is an absolute measure of humidity, the higher the dew point, the higher the humidity at high temperature. Each of the 4 types of behavior measured, and the 2 linear combinations that represent consistent colony behavior across situations, changed in relation to dew point. Ants were slower at high dew point, when it was humid at high temperatures: both the speed of moving seedpods and the speed of moving toothpicks were each negatively correlated with dew point (Pearson's correlation: speed of moving seedpod: R = 20.17, P value = 0.05; toothpicks: R = 20.26, P value = 0.004). Ants retreated into the nest in response to an alarm stimulus, and fewer ants recruited to food bait when it was dry at high temperatures: response to an alarm stimulus was positively correlated with dew point (Pearson's correlation: R = 0.18, P value = 0.05) and responsiveness to food bait approached a significant positive correlation with dew point Dew point varied more among than within trials (ANOVA: F = 9.7, df = 5, P value , 0.0001). Temperature and relative humidity were not significantly associated with responsiveness or speed.
Nest site influenced the responsiveness, but not the speed, of all colonies (Figure 3) . When a colony was in a certain nest site its response to food bait was significantly correlated with its response to alarm (Pearson's correlation: R = 0.35, P value = 0.01; Figure 3A) . However, the speed at which a colony moved seedpods was not correlated with its speed of moving toothpicks while it occupied a certain nest site (Pearson's correlation: R = 0.16, P value = 0.27; Figure 3B ). Changes in numbers of ants on the nest mound were observed only in response to food bait and alarm (Z-test: response to food bait: Z = 0.06, P value , 0.0001; response to alarm: Z = 27.35, P value , 0.001) but not in response to seedpods and toothpicks (Z-test: speed of moving seedpod: Z = 20.46, P value = 0.64; speed of moving 
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toothpicks: Z = 21.69, P value = 0.09). We found that colonies differed more among than within nest sites in their alarm response (ANOVA: F = 1.73, df = 44, P value = 0.02) and in their speed of moving toothpicks (ANOVA: F = 1.58, df = 48, P value = 0.04). However, colonies did not move toothpicks faster when occupying a nest in which more ants retreated from an alarm stimulus: response to alarm was not significantly correlated with speed of moving toothpicks while a colony occupied a certain nest site (Pearson's correlation: R = 20.03, P value = 0.86).
DISCUSSION
Colonies of M. andrei differed in their behavior. Variation among individuals in behavior is common in many animals (Lott 1991) . In social insects, variation can occur at both worker and colony levels. Behavioral variation among workers of social insects is ubiquitous (Wilson 1976; Jaisson et al. 1988) . Because the colony is the unit of reproduction, natural selection acts on variation among colonies. Such variation has been documented in several species: ant colonies of Rhytidoponera confuse vary in aggression (Crosland 1990) ; Temnothorax albipennis colonies vary in speed of finding new nest sites (Franks et al. 2006) ; and harvester ant colonies, both Pogonomyrmex barbatus and P. occidentalis, vary in foraging behavior (Gordon 1991; Gordon et al. 2008; Cole et al. 2010; Gordon et al. 2011) . We found that M. andrei colonies vary in recruitment to food bait, response to alarm, and speed of debris removal. The only behavior that did not vary significantly among colonies was how fast they moved a seedpod of a novel plant, even though other studies of individual differences in behavior find variation among individuals in response to novel stimuli (Reale et al. 2007) . It is possible that the seeds were not perceived as novel because they were similar in odor to local plants (Lanza et al. 1992; Pfeiffer et al. 2010) . As in other Messor species (Azcarate et al. 2007 ), environmental conditions may have a stronger influence than colony variation on the speed of seed retrieval.
We found that behavioral variation of M. andrei colonies was consistent across foraging and disturbance situations. It is unlikely that this is due to consistent behavior of individual workers because foraging and disturbance stimuli were presented on different days, and each ant does not necessarily work every day (Gordon et al. 2005 ). In addition, foraging and response to disturbance were probably performed by ants of different task groups, for example, seedpod retrieval by foragers and toothpick removal by nest maintenance workers (Gordon 1989a) . Two other recent studies have shown consistent behavior of social insect colonies across situations: colonies of the red harvester ant, P. barbatus, vary consistently in the tempo of patrolling activity and in the regulation of foraging ) and colonies of the honeybee, Apis mellifera, behave consistently across defense and foraging situations . Here, we show that consistent colony behavior is influenced by its nest site, that is, morphology. Colony behavior that required interaction among ants inside the nest was influenced by nest site, whereas behavior that occurred outside the nest was not. Responses to the 2 stimuli, food bait and alarm, that affected ant activity on the nest mound, were consistent across situations while a colony occupied a certain nest. The initiation and regulation of foraging activity in red harvester ants depend on the rate of interaction among ants inside the nest (Schafer et al. 2006; Greene and Gordon 2007; Gordon et al. 2008) . Nest structure may determine where ants interact. For example, interaction hot spots occur where ants exit from tunnels into nest chambers (Pinter-Wollman et al. 2011) . Nest structure also influences how quickly ants move; for example, the presence of an obstruction near the nest entrance slows ant traffic flow (Burd et al. 2010) . Thus, nest structure that facilitates many interactions or rapid ant movement may expedite a colony's response to alarm or increase the numbers and walking speed of ants recruited to food bait. Just as morphology constrains an animal's behavior and variation in morphology may lead to consistent variation across situations Sih, Bell, Johnson, and Ziemba 2004; Gyuris et al. 2011 ), a colony's nest structure is a physical attribute (Tschinkel 2004) that may play an important role in determining colony personality. In contrast, behaviors, which were performed solely outside the nest and did not change ant activity on the mound, that is, seed retrieval and debris removal, were not consistent across situations while a colony occupied a certain nest. How fast an ant moves items outside the nest in various situations does not depend on nest site and may vary in response to changes in weather (Azcarate et al. 2007) .
A colony can modify the structure of its nest and choose which nest site it occupies, actively manipulating its environment, but it cannot control other environmental conditions, such as weather. Nest structure emerges from the collective behavior of the workers (Theraulaz et al. 2003) and varies among species (Tschinkel 2011b) and colonies due to age (Tschinkel 2011a ) and worker composition (Tschinkel 2005) . So worker activity determines the structure of their nest. However, not all species excavate nests all the time, some occupy existing structures built by other colonies, for example, M. andrei, or move among naturally occurring crevices, e.g., Temnothorax. Nichepicking, choosing where to live, often produces consistent behavioral responses (Stamps and Groothuis 2010) . Many ant species relocate among nest sites (Smallwood 1982) thus manipulating their physical environment. Nest relocation results in changes to colony demography (Herbers 1986 ), increased distance from conspecifics (Brown 1999a) , and improved nest quality (Dornhaus et al. 2004) . A Messor colony's decision to relocate to a new nest may result in changes to its foraging success because nest sites may vary in structure and therefore, in how they influence colony behavior. Environmental conditions other than nest site, such as weather, are beyond a colony's control and they too may influence how a colony behaves.
Colonies of M. andrei adjusted their behavior in response to dew point, as it changes over time. Dew point is an absolute measure of humidity, the higher the dew point, the higher the humidity at high temperatures. Desiccation has an important cost to ants while outside the nest because water is lost through the ants' permeable cuticle (Lighton and Feener 1989) . We found that at low dew point, when the air is drier, ants move faster while retrieving seeds and removing debris and thus spend less time outside. In dry conditions, colonies also recruited fewer ants to food bait and recalled more ants into the nest in response to an alarm. A previous study at the same site showed that ants of M. andrei forage further from the nest in the fall, when dew point is higher, than in the spring (Brown and Gordon 2000) . As in other animals, environmental constraints link behavioral responses across various situations (Biro et al. 2010; .
Energetic requirements, colony composition, and growth probably influence the behavior of M. andrei colonies. Winged reproductives are more costly to produce than are workers (Mackay 1985; Smith 2007) . Colonies of M. andrei produce reproductives during the weeks before the mating flight in June and July (Brown 1999b ). This may account for the more rapid seed retrieval, which could result in higher food and energy intake per time unit that we observed in the spring, while colonies are producing reproductives. Individual variation among workers in activity, within each task, determines the behavior of the colony as a whole, as the behavior of other social groups as a whole is determined by the distribution of the various personalities of the individuals comprising them (Crosland 1990; Sih and Watters 2005; Paleolog 2009; Kurvers et al. 2010; Modlmeier and Foitzika 2011; Pruitt and Riechert 2011) . Variation among colonies in the distribution of worker activity levels results in behavioral variation among colonies (Crosland 1990; Paleolog 2009; Pinter-Wollman et al. 2011; Pinter-Wollman 2012) . Workers move from one task to another as they age (Calderone 1995; Gordon et al. 2005; Seid and Traniello 2006; Camargo et al. 2007 ) and in response to environmental perturbations (Gordon 1989a (Gordon , 1996 . Such temporal changes in the distribution of worker activities determine the colony's response to its environment. For example, when more ants are allocated to foraging, the colony collects more food (Gordon 1989b) . These natural changes in the group composition of social insect colonies provide ample opportunities for studying how consistent behaviors change over the course of an individual's lifetime (Stamps and Groothuis 2010) .
We showed that consistent individual variation among ant colonies is affected by their nest sites and by their response to humidity. Such individual variation at the colony level may have important consequences for colony fitness. Because the reproductive unit of social insects, the colony, comprised many modular subunits, workers, social insects provide unique opportunities to investigate the mechanisms underlying consistent individual variation. Understanding what produces consistent behavior in social insects may shed light on the causes and consequences of consistent individual differences in behavior of other animals.
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